Abstract--The start-up transient behavlor of the TRAPATT mode of oscdlatton in both n+pp + and p+nn + $I avalanche diodes is studied by computer simulation in the time domain through a device-circuit interaction program. The start-up translent is investigated for various rise times of the apphed bins pulse The TRAPATT waveforms obtained from the simulation are in agreement with those observed experunentally. The theory of TRAPATT operation in a coaxial ctrcmt is revised and its previous inconsistencies are resolved. The lowfrequency bias-circuit oscillation is discussed and its relatlon to device instabiliues and tuning-induced burnout are presented.
INTRODUCTION
The TRAPATT mode of oscillation in an avalanche diode is a large-signal phenomenon. The device is highly nonlinear when it is operated in this multifrequency mode and it is almost impossible to design a circuit a priori which will sustain this mode of oscillation without critical adjustment. It is the objective of this paper to investigate by computer simulation how this large-signal operation is initiated and how the circuit is involved with a view to improving the understanding of circuit requirements. The major difficulty in this simulation is in obtaining a converged periodic solution for the devicecircuit interaction. Several prior computer simulations have been made. Transient simulation of the devicecircuit interaction was carried out by several authors [l-3] . In the calculations of Matsumura and Abe [l] , a coaxial line with a voltage source in series with a resistive load was used, but fringing capacitances, package parasitics and the bias capacitor were not included. The simulation was performed in the time domain. Objections to this approach are that dc power is dissipated in the load, the effect of the package parameters cannot be determined, and the d.c. current through the device cannot be specified a priori. Attempts to remove some of these restrictions give rise to instabilities in simulation. Evans and Scharfetter [2] did an analysis in the time domain for the device and in the frequency domain for the circuit. Truncation of the lower limit of the integral used in the transformation between them in effect introduced a highpass filter which may have suppressed the low-frequency bias oscillation. In addition, complete details of the startup transient were not given. Bogan and Frey [3] used a current source in parallel with the resistive load but also neglected the d.c. blocking capacitor, fringing capacitances, and package parasitics. In this approach at the start of the interaction they had to apply an unrealistically large and short rise time bias pulse to initiate the oscillation across the device. As the oscillation started to grow, the voltage across the device decreased, due to the rectification in the device, and the current increased. The current had to be decreased in order to" avoid the growth of the instability, their simulation was carried out for a time shorter than the transient of their circuit and therefore some doubt exists as to the significance of their results.
In this paper a brief description of the device and the circuit is given. The p-type Si diode and the coaxial circuit simulated are those of an experimental oscillator operated in our laboratory. The results of the devicecircuit interaction simulation are analyzed and discussed. Details of the transient analysis are given elsewhere [4] .
DEVICE CONSIDERATIONS
The device consists of a 2-/zm p-type Si diode with a doping density of 4x 10~S/cm 3 in the ¢pitaxial region. The transport behavior of electrons and holes in a p-n junction under nonequilibrium conditions is given by the current continuity equations. The one-dimensional continuity equation for holes [5] is aJ, _L-ap ax ~gp ~p-a--/' (1) where gp is the generation rate, p is the local concentration, and rp is the lifetime of holes. The current flow of electrons and holes in the semiconductor is determined from the Boitzmann transport equation. With the usual approximation, the hole current can be written as J, = -D, ~ + qpv,(E).
(2)
The relation between carrier space charge and the elec- 
dE= ~(ND+-NA-+ p -n).
The finite-difference method is used to solve these nonhnear partial differentml equations. The device program is written from the point of view of computational efficiency and is described by Bauhahn [6] . CIRCUIT 
CONSIDERATIONS
The clrcmt model shown m Fig 1 consists of a lumped package equivalent circuit together with a distributed transmission line. The ctrcuit is terminated by a resistwe load For a realistic simulation, a blocking capacitor must be present in the bins network to avoid dc power d~s-sipation in the load. The experimental bias tee also includes a series inductor which is omitted in the model because an ideal current source is assumed. The 50f~ lossless coaxial atr line is 15 cm long and contains movable tuning slugs which are in direct contact w~th the inner face of the outer conductor Three of them serve as a low-pass filter while the fourth one, which Is close to the diode, acts mainly as a capacitor TEM-mode propagation is assumed m the coaxml line which is realistic for the frequencies of interest The voltage and current at time t at a point x in the ctrcult can be written as and
where/+(x, t) is the forward voltage wave, [-(x, t) Js the backward voltage wave, and y is the characteristic admittance of the hne at pomt x. f+(x, t) and f-(x, t) are traveling voltage waves comprised of all frequencies present in the circuit If the voltage wave traveling toward a tuning slug discontinuity is known, then the reflected voltage can be found by matching the boundary conditions, Le. enforcing continmty of current and voltage. The expressions for the reflected voltage from the load plane, package plane, and tuning slug discontinuities are given elsewhere [4] . The package equivalent circuit adopted for this analysis is indicated in Fig. 2 In this system of reference the discontinuities move and the wave remains fixed in space. The discontinuities corresponding to the backward wave move to the right and those correspondmg to the forward wave move to the left. Two pointer arrays store the positions of the d~scontinuities m the coaxml hne at each time step and as a discontinuity arrives at the end of the array it ~s transferred to the beginning The technique just described decreases the cost of simulation by more than 100 times and makes feasible an extensive study of the circuit and the devlcectrcmt interaction.
DEVICE.CIRCUIT INTERACTION
The simulation of the transmnt behavior of the TRAPATT mode is carried out by repeatedly utihzing the device simulation program which computes the current change due to a voltage change at the device terminals and the circuit simulation program which computes the response of the circuit voltage to the change in the device current. The device and the circuit parameters are those of an experimental TRAPATT oscillator which were measured very carefully and were used in the computer program. Due to the presence of high frequencies in the TRAPATT mode and its transient and also because of the long memory of the device and the circuit compared to one TRAPATT period, special care is needed to minimize the errors introduced by the interaction of the two finite-difference-method programs [4] . Parameters such as operating voltage, efficiency, and frequency are obtained from a selfconsistent solution of the device-circuit interaction.
Because of the approximations made in the formulation of the device and circuit, and also because of inevitable small errors made in measuring the device and the circuit parameters, it is necessary to tune the circuit to obtain stable TRAPATT operation. The circuit may be tuned, as is done experimentally by changing the tuning slug positions in the coaxial circuit, but the direction in which the tuning slugs should be moved and by how many space steps are not well known. The circuit impedance that the diode needs to see is not known a priori, but it can be anticipated that the circuit impedance at the device plane should have a larger resistive part at the TRAPATT fundamental frequency than at the higher harmonics, and that the reactive part should be smaller. Under these conditions a large current can flow at the fundamental frequency and be dissipated in the load resistor while the energy at the higher harmonics can be stored in the circuit with little loss and can provide the overvoltage at each TRAPATT cycle. One way of avoiding this complicated method of tuning the circuit is to use the package parasitics to tune the circuit. This method has a tremendous advantage over the former since once the circuit impedance at the device plane is calculated, any changes in the package lead inductance or capacitance has an obvious effect on the circuit impedance at the device plane. Furthermore, there are now only two tuning parameters instead of three.
TURN-ON TRANSIENT OF THE TRAPATT MODE UNDER A BIAS PULSE OF LONG RISE TIME
The turn-on transient under a 4.3 nsec rise-time pulse is studied here. Longer rise times than this do not appreciably alter the behavior but increase the cost of simulation. The bias pulse which rises linearly to a final value of 12,000 A/era 2 is applied to the diode through the coaxial line. To save computer time without significantly changing the results, the 2-/zm, p-type diode is initially reverse biased at 10V. The voltage at the device terminals is shown in Fig. 3 . The applied current pulse first drives the diode to avalanche breakdown (~ 2.75 nsec) and then the diode begins a rapid oscillation at a frequency around 11 GHz. These oscillations are essentially in the IMPA'[T mode. The circuit impedance at this frequency has a small resistive part and a large (1) the current drive keeps increasing, (2) the reflected wave from the circuit arrives at the device plane in a proper phase to amplify the oscillation and (3) the Q of the circuit is large at this frequency. These large amplitude oscillations pump energy into the circuit at a higher rate than can be dissipated. The power at the TRAPATT frequency appears from the beginning of the transient because this device has small-signal negative resistance at the fundamental TRAPATT frequency. The presence of the TRAPATT frequency can be detected more clearly at the load because the low-pass filter attenuates high frequencies but passes the fundamental TRAPATT frequency with almost no attenuation. During the IM-PATT oscillation the device pumps energy into the circuit at high frequencies, the circuit interacts with the device, and the device converts some of this energy into energy at the TRAPATT frequency. The relaxation oscillation pumps more RF energy into the circuit at high frequencies, thus more power can be converted to the TRAPATT frequency. The stored energy at high frequencies in the circuit reaches a point such that the transition from the relaxation oscillation to the TRAPATT mode becomes possible, the relaxation oscillation dies out and the TRAPATT mode dominates. The transition period between the relaxation oscillation and the TRAPATT corresponds to a phase and amplitude readjustment of different frequency components. The shortest transition period observed has been 1 nsec, which corresponds to the time it takes a wave to travel twice the length of the circuit. The kind of parametric effects explained for initiating the TRAPATT mode under a slow rise-time pulse are not observed under a fast rise-time pulse as will be seen later. Figure 4 shows the induced current through the device during this 6 nsec of the transtent. The induced current, which has almost been zero prior to attainment of the breakdown voltage, starts to increase The spike in the induced current during the relaxation oscillation corresl~onds to the discharge of the lumped capacitors near the dtode. It is important to note that during this 6 nsec of simulation the device program has been called more than 15,000 times to ensure that all parameters change smoothly from one step to another.
THE TRAPATT WAVEFORM AND TIlE
OSCILLATOR THEORY
The voltage at the devtce terminals after 49 nsec of simulation is shown in Fig. 5 , with two cycles being drawn on a large scale in Fig. 6 . The waveform for a simplified model in which a square-wave current is assumed [7] is shown by the dashed line in Fig. 6 . The simplified theory assumes that, at the second half-cycle, the voltage across the device is held constant and equal to the d.c. breakdown voltage. However the devicecircuit interaction simulation revealed that the voltage in the second half of the cycle (Fig. 5) does not recover to the breakdown voltage but oscillates at slightly above the dynamic d.c. voltage of the device. During the second haft-cycle the current is almost entirely displacement current. This osciUation cannot be related to the IM-PATT mode as was predicted by some authors, and is only due to the ringing of the circuit. The experimental TRAPATT voltage waveform reported by Yanai et al. [8] shows clearly that the voltage in the second half-cycle is significantly lower than the device d. which cannot be true. Consequently, in the second halfcycle the voltage has to be lower than the d.c. breakdown voltage. Due to the presence of a Iow-amphtude, low-frequency bias-circuit oscillation a completely stable TRAPATT waveform cannot be achieved and the TRAPATT waveform changes smoothly from one cycle to the next. It almost repeats itself every stx cycles as can be seen in Fig. 5 . The TRAPATT waveform was Fourier analyzed. At the fundamental frequency of 2.45 GHz the device tmpedance is almost the conjugate of the circuit impedance. However, this is not true for the higher harmomcs. The Q of the circuit is low at the fundamental frequency and large at the higher harmonics which explains why the components at the fundamental frequency converge more rapidly than do the higher harmonics. A theory which has been proposed for the TRAPATT diode operating in a coaxial line is that the drop in diode voltage from breakdown to zero volts propagates down the transmission line and is reflected back by the low-pass filter with a reflection coefficient of almost minus one. When this reflected pulse reaches the diode, the diode voltage is close to breakdown. The pulse causes the voltage across the diode to increase to almost twice the breakdown voltage and the cycle repeats. However, when the diode ts oscillating in the TRAPATT mode, the d.c. voltage across the diode and the entire line is almost half of the d.c. breakdown voltage. Therefore, the voltage pulse reflected from the low-pass filter must reverse its polarity around the dynamic d.c. voltage and not the static d.c. breakdown voltage. Furthermore, in the second half of the TRAPATT cycle the voltage across the device is significantly lower than the d.c. breakdown voltage. As a consequence, the reflected wave can at best drive the diode to its d.c. breakdown voltage and not to twice the breakdown voltage. In order to gain a better understanding of the operation of the oscillator, a movie was made which displays the voltage along the coaxial line as a function of time [9] . Figures 7 and g are taken from the movie. Figure 7 shows the state of the circuit at the start of a TRAPATT cycle where the device is biased at 50 V; however, the voltage across the package is approximately 105 V as indicated in Fig. 7 . The circuit voltage is zero at the first tuning slug of the low-pass filter. Figure 8 shows the voltage along the coaxial line at the midpoint of the TRAPATT cycle. The voltage across the first tuning slug of the low-pass filter is 100 V and the reflected wave from the diode is about to impinge on the first tuning slug. The preceding theory can be revised and its inconsistencies resolved as follows: when the voltage across the device collapses, the diode is in its highly conducting state and acts as a short across the circuit. Therefore at this stage the wave reflected from the device plane has almost the same magnitude as the incident wave but has reverse polarity. 
If fd+(t)
represents
fd+(t) + fd-(t) = f+(t) + f-(t),
where f+(t)+ f-(t) represents the total voltage across the first tuning slug, which is 100 V at this time of the cycle.
The reflected voltage wave fd-(t) is given by [d--(t) = 100-fd+(t), but fd+(t) is negative; therefore, fd-(t) is very large and
can easily cause the overvoltage across the device. The frequency of TRAPATT operation is determined by the round-trip propagation time of the pulse between the reflecting plane of the filter and the diode and the delay time between the reflected and incident pulses on the packaged diode. The total period of the oscillation includes the charging time and the plasma formation time indicated by tA and tM in Fig. 6 , respectively, tA and tM depend strongly on package parameters and, in particular, on the lead inductance. The period of the TRAPATr oscillation, T = tc + tA + tM + 'rp (where rp is the total time delay in the package), gives the frequency of operation in the TRAPATr mode (~ 2.45 GHz). The TRAPATT frequency is not harmonically related to the starting IMPATI" frequency. t~w-~.~nsa~cY aL*,s-cntcurr OSCn,t~ON A low-frequency oscillation which modulates the amplitude of the TRAPATT oscillation can be seen in Fig.  5 . This oscillation is related to the circuit as follows. If a steady-state TRAPATT oscillation is reached and the line is energized to the dynamic d.c. voltage VE, a constant direct current then flows from the source to the diode and the voltage across the blocking capacitor is V~. An increase in the average current through the device will cause the RF voltage amplitude to increase which, in turn, because of the rectification effect, will produce a decrease in the average voltage across the device. This decrease causes the line to discharge through the device and this information is transmitted to Due to the high power densaty at which the TRAPATT mode operates and the limited power dassapation of the device, the devace must be operated under pulse bias conditions. Under pulse conditions, the turn-on tame may become a significant fraction of the bias pulse width and therefore it is useful to study the start-up of the oscillator under current pulses of various rise times. The turn-on time can be defined as the time between the instant when the applied current pulse reaches the device and the instant when a steady-state oscillation is established. Pulses having longer rise times than 5 nsec are not of interest since the turn-on time as then limited, mainly by the rise time of the pulse Pulses having much shorter rise times than 5 nsec will drive the diode to large-signal operation immedmtely, and the possibility exists of iniuating the TRAPATT mode more quickly.
TU~-ON TR~Sn~T UNDER A SQUARE
CURRENT PULSE Figure 9 shows the voltage transaent obtained when a square current pulse of 12,000 A/cm 2 was applied to the daode through the coaxial line. The device starts with a large amphtude relaxation oscillation which lasts a time equal to one TRAPATT period. After the initial rise the voltage immediately collapses to less than 10V and subsequently the reflected pulse produces an overvoltage across the device after a time equal to one TRAPATT cycle. The transition between the relaxation oscillation and the TRAPATT mode takes place in 3 nsec The transmon state is a mixed mode composed of both relaxation and TRAPATT oscillations. A low-frequency bins circuit oscillation is present The large amplitude modulatmn ~t produces at the start of the transient is detrimental to the estabhshment of a stable TRAPATT oscillatmn. This ~s because at its low-voltage swing the bias circuit oscillation causes the overvoltage to dammxsh and therefore to produce only a low-density plasma in the device. It takes only a short tame for this plasma to be removed, which delays the establishment of a repetitive pattern. The turn-on time of the oscillator ~s 3 5 nsec when the square current pulse ~s applied. The turn-on ume under 0.05 nsec pulse rise t~me was almost as long as the case of 4.3 nsec, but more power was available at the fundamental frequency earlier in the transient than m the 4.3 nsec case STUDY OF n-TYPE TRAPATT DEVICES UNDER 4 3 nsec PULSE RISE TIME Schroeder and Haddad [10] predicted that the p+pn + Si diode is capable of better RF power performance and higher efficiency than the p+nn + structure when the device is operating m the IMPATT mode. However, ~t is not well established which diode will have better performance if both are operating in the TRAPATT mode. The most thorough investigation of the TRAPATT mode of oscillation in $1 avalanche diodes was made by Lee [7] who used a square-current drwen stmulatlon program His results indicate that the p+pn ÷ device and its complementary structure have ~dentical peak efficiency (of course, the differing lomzation rates, mobility, etc of holes and electrons prevents complete complementarity) The preceding investigation contradicts the experimental results reported by Trew[ll] , indicating superior performance of the p+pn + diode over its complementary structure Care should be taken m interpreting experimental measurements because it xs not easy to fabricate two identically complementary diodes. Furthermore, it is difficult to determine whether the clrcmt parameters are those which optimize TRAPATT operation in both structures. There are no clear guidelines as to how the circuit parameters should be changed m order to obtain the best TRAPATT performance. Concerning computer smaulation, it can be argued that the same current drive was used to simulate the p+pn + device and its complementary structure and that the optimum voltage and current waveforms might be different for both devices Because of these difficultaes, an exact comparison of these two structures if vtrtually impossible. In order to make a meaningful comparison between two complementary structures, both diodes were smaulated in the same coaxaal circuit operating under the same bias current density. After stable TRAPATT operation had been obtained with a p-type daode, the device was replaced by its complementary structure while all the circuit, package, and device parameters remained unchanged except for the sign of the doping m the epitaxial region. In this case a coherent TRAPATT mode could not be achieved. To obtain stable n-type TRAPATT operation, the package lead inductance had to be decreased from 0.41 to 0.21 nH but all other parameters were kept unchanged. This decrease was suggested by the higher ionization rate of electrons. Figure 10 shows that the oscillation starts with the IMPATT mode at a frequency of 13.SGHz but these oscillations decay after a few cycles. At that time a new IMPATT oscillation at a higher frequency (15 GHz) starts and builds up very quickly to a large amplitude relaxation oscillation. This portion of the transient can be explained as follows: during the first portion of the transient, where the applied current pulse drives the diode from 10 V to avalanche breakdown, the device acts like a fixed capacitor and as a result this port~on of the transient ~s similar to that of the complementary structure. The bias current drives the device voltage above its breakdown value and the device starts oscillating. The starting frequency of oscillation depends partly on the current through the device and partly on the impedance seen by the device. The device starts oscillating at 13.8 GHz, however, in order for the oscillation to build up, the Q of the circuit should be large at that frequency. The calculated impedance seen by the diode looking into the circuit through the package shows that the Q of the circuit is low at this frequency and therefore the oscillation cannot build up. These oscillations eventually die out because the bias current density keeps increasing [4] . A new IMPATT oscillation starts to build up at approximately 15 GHz. This higher IMPATT frequency is expected because at this stage in the transient the current through the device is large [4] . The oscillations at 15 GHz build up because the circuit has a large Q at this frequency. This IMPATT oscillation changes to a relaxation oscillation after a few cycles. The relaxation oscillation lasts for a shorter period of time than it does in the complementary structure, but the transition from relaxation oscillation to the TRAPATT mode takes longer because the n-type device is noisier than the p-type one [9] . After 9 nsec of simulation, the device switches into stable TRAPATT operation. The Tuning-induced burnout has been observed in Si avalanche diode oscillators operating m the TRAPATT mode and its occurrence is more frequent in the n-type devlce than in the p-type one. In order to understand the mechanism which causes this failure, the device-circuit interaction was simulated for the following three cases: (1) a previously stable TRAPATT oscillator was mistuned, (2) the oscillator was tuned for a stable TRAPATT operation and (3) a stable TRAPATT oscillator was slightly mistuned. In the first case the output spectrum of the oscillator was extremely noisy but the amplitude of the low-frequency bias circuit oscillation was small. In the second case the low-frequency oscillation which amplitude modulates the TRAPATT oscillation was larger than in the previous case, and its maximum voltage swing occurred at the beginning of the transient. The amplitude of this low-frequency oscillation then decreases and eventually becomes constant. In the third case the amplitude of the bias circuit oscillation is significantly higher than in the other cases, particularly at the start of the TRAPATT osctllation. The voltage and current amplitudes, which arise due to bias circuit oscillation, would be large enough to cause burnout of an actual device. It has been observed experimentally as well as in computer simulation that, in TRAPATT operation, the n-type device is more sensitive to changes in the circuit parameters than its complementary structure. Because the n-type device requires more criUcal tuning for stable TRAPATT operation than the p-type one, bias circuit oscillations are more likely to build up to a destructive" level while the circmt ~s being tuned. This could explain why the n-type device is observed to have a higher failure rate than the p-type device
CONCLUSIONS
The start-up transient behavior of the TRAPATT mode of oscillation has been studied in both p+nn + and n+pp + Si avalanche diodes by means of computer simulation. The simulation was earned out in the time domain • through the interaction of a device program and a pro-gram which accurately models the coaxial circuit. The study shows that, when excited by a bias pulse having a slow rise time (4.3 nsec), the TRAPATT mode is triggered by initially an IMPATT oscillation, followed by a relaxation oscillation, which finally changes via a transition period to the TRAPATT mode. It was found that the voltage in the second half of the cycle did not recover to the breakdown voltage as has previously been suggested but oscillated around a value slightly above the dynamic d.c. voltage of the device. A revised theory of operation based on the circuit response was therefore given to explain the formation of the overvoltage which is required to trigger the next cycle.
Simulation of the n-type structure revealed that the frequency and duration of each mode of oscillation was different from those for the p-type structure and the TRAPATT waveform was slightly different, but the general behavior was very much the same. Lowfrequency bias circuit oscillations were present in both the p-and n-type device simulations, but were much more difficult to reduce in the n-type device. As a result of this, these oscillations are much more likely to build up to a destructive level in the n-type device and cause tuning-induced burnout.
